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A theory has been developed that could explain priori infection Prions could be molecular chaperones that are required for their own assembly. 
The theory has been deduced from an analysis of protein folding and consequences xplored by computer simulations. Thermo-kmetic anzlysis 
of  protein folding shows that a misfolded chaperone gives rise to new misfe!ded chaperones. Consequently such a protein could behave as a new 
kind of informative molecule and replicate misfotding according to a process imilar to infection. A quantitative model has been derived from this 
hypothesis that displays the characteristics of prion infections, this hypothesis satisfactorily explains the three ma~tifeslations infection, familial 
and sporadic - that are the characteristic featureS of all prion diseases. 
Protein fi)lding; Prion: Thermo-kinettcs 
1. INTRODUCTION 
There  is now cons iderab le  ev idence  that  the  in fec t ious  
agents  caus ing  bov ine  spong i fo rm encepha l i t i s ,  se rap ie ,  
the  human Gers tmann-St rauss le r  and  Creutz fe ld - Jakob  
syndromes  and  o ther  degenerat ive  ncepha lopath ies  a re  
pure  pro te ins  ca l led  p, - ions [ I] .  However  many  b io lo -  
g is ts  are  unhappy  w i th  th is  idea ,  as it  does  not  fit read i ly  
w i th  the  cent ra l  dogma o f  mo lecu la r  b io logy .  The  pr ion  
hypothes is  is c r i t i c i zed  on  two  counts :  some workers  
have  found nuc le ic  ac id  in p r ion  par t i c les  [2,3] and  o th -  
ers  [4] suggest  that  p r ions  a re  not  the  causat ive  agents  
o f  in fec t ion .  However ,  many  s tud ies  [5-7]  have  pro -  
vialed exper imenta l  ev idence  fo r  the  ro le  o f  p r ions  in the  
d i seases .  I f  p r ions  rea l ly  a re  the  causat ive  agents ,  the i r  
ac t ion  shou ld  be  exp la inab le  in te rms o fcur rent  b io log i -  
ca l  concepts ,  ra ther  than  requ i r ing  a change in funda-  
menta l  th ink ing .  I have  accepted  two  bas ic  assump-  
t ions ,  (i) that  p r ions  a re  par t i cu la r ly  s tab le  pro te ins  that  
cause  i l lness  by  an  in fec t ion - l i ke  process  (see [ i]) ,  and  
(it) that  p ro te ins  s imi la r  o r  ident i ca l  to  p r ions  a re  enco-  
ded  by  mammal ian  genomes  I!]. S tar t ing  w i th  an  ana-  
lysis o f  p ro te in  fo ld ing  med ia ted  by  a mo lecu la r  chape-  
rone ,  a theoret .ca l  mode l  is p roposed  that  exph ins  the  
major  features  o f  p r ion  d i seases .  
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2. THEORET ICAL  ANALYS IS  
Mo leco la r  chaperones  are  invo lved  in d i rec t ing  the 
fo ld ing  o f  o ther  p ro te ins .  The  best  known are  the  heat -  
shock  pro te ins ,  i t  has  recent ly  been  shown that  mo lecu-  
lar  chaperones  can  d i rec t  the i r  own assembly  [8,9]. The  
quest ion  fo l !ows  natura l ly ,  what  happens  i f  a mo lecu la r  
chaperone  is acc identa l ly  mis fo lded?  
Cor rec t  fo ld ing  is genera l ly  be l ieved  to  prov ide  the 
most  s tab le  pro te in  (see [! 4]), however  there  is no  proo f  
fo r  th is  hypothes is  [12]. On  the cont rary ,  the  conforma-  
t ion  o f  fo lded  prosubt i l i s in  is unchanged by remova l  o f  
a 77- res idue  N- termina l  segment ,  but  i f  th is  segment  is 
removed before  fo ld ing  a new conformat ion  is adopted  
[15]  Thus  mature  subt i l i s in  has  on ly  k inet i c  s tabi l i ty .  
Metas tab le  conformat ions  do  not  v io la te  k inet i c  theo-  
r ies o f  p ro te in  fo ld ing  [13,16], and  the  very  ex is tence  o f  
mo lecu la r  chaperones  is a s t rong  argument  fo r  such  
metastab le  conformat ion .  P ro te ins  requ i r ing  a mo lecu-  
lar chaperone  may remain  in a metastab le  conformat ion  
fo r  an  in f in i te  t ime i f  they  do  not  meet  the i r  chaperone .  
Th is  imp l ies  that  the  k inet i cs  o f  fo ld ing  is b locked  by  art 
energy  bar r ie r  wh ich  is removed by the  molecu la r  chap-  
e rone ,  much l ike enzyme cata lys is .  These  observat ions  
leg i t imate  the  use o f  k inet i c  theor ies  o f  p ro te in  fo ld ing  
to  ana lyze  the  mechan isms invo lved  in p ro te in  fo ld ing  
promoted  by molecu la r  chaperones .  
Ana lys i s  can  be  per fo rmed us ing  the  thermo-k inet i c  
mode l  o f  p ro te in  fo ld ing  [13]. The  thermodynamics  o f  
i r revers ib le  p rocesses  ind icates  that  the  sp,,"cd o f  fo ld ing  
determines  the  f inal  in te ract ions  between the  amino  
ac ids  [13]. Genera l i za t ion  to  the  fo ld ing  cata lyzed  by  
molecu la r  chaperones  is s t ra ight fo rward .  Cons ider  the  
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case  o f  an  in teract ion  between two moh;cu!es  San unfo l -  
ded  molecu le  I, and  a fo ldeo  molecu le  J. the  molecu lar  
chaperone)  o f  the  same prote in .  The  ~peed o f  in terac -  
t ion  between two amino  acids,, one  (a~) f lo ra  molecu le  
1 and  the  o ther  (aj) f rom the  molecu le  J is governed by  
the  re la t ionsh ip  [13]: 
v.,~,, =- ~ [(H /~'~,+.,-/~',,,..,) (~ G,,,+.-%+.)] O) 
where  P~" is the  probab i l i ty  (accord ing  to  Bo i tzman 's  
law)  o f  f ind ing  the  amino  ac ids  in a conformat ion  a l -  
l ow ing  in ter 'ac t ion ,  n is the  number  o f  amino  ac ids  
a round a~ that  in f luence  the  sr, ccd  a f  assoc ia t ion ,  and  m 
is E ( l .n ) .  As  molecu le  J ,  the  mo)etu la r  chaperone ,  is 
fo lded ,  P~ +,, = 1 fo r  a l l  m.  but  as  ~ lo lecu ie  I cannot  
• J 
fo ld  w i thout  a molecu lar  chaperone ,  i ts  P~,~÷,, is very  
low for  a l l  m.  Hence ,  spontaneous  eo=rect  fo ld ing  does  
not  occur ,  and  the  fo ld ing  speed is governed by  the  
molecu le  J. Thus  the  conformat ion  o f  a, and  i ts 
ne ighbors  shou ld  be  that  o f  the  cor respond ing  res idues  
aj and  i ts ne ighbors  [13]. Hence .  i f  mo lecu le  J is 
mis fo lded ,  then  molecu le  1 wi l l  a l so  be  mis fo lded ,  and  
the  new mis fo lded  molecu le  shou ld  have  the  same s t ruc -  
tu re  as  its mo lecu lar  chaperone .  The  (mis fo lded)  s t ruc -  
tu re  o f  the  chaperone  is t ransmi t ted  to  the  new syn-  
thes ized  molecu les .  
Th is  resu l t  imp l ies  that ,  under  cer ta in  spec i f i c  c i rcum-  
s tances ,  a k~nd o f  b io log ica l  in fo rmat ion  can  be  t ran-  
smi t ted  d i rec t ly  by  prote ins  w i thout  the  in tervent ion  o f  
nuc le ic  ac id .  Hence ,  the  s t ructure  o f  a prote in  is in fo r -  
mat ive  by  i tsel f .  Such  prote ins  cou ld  be  regarded as  
in fec t ious  organ isms,  rep l i ca t ing  w i th in  a ce l ls  us ing ,  as  
do  v i ruses ,  the  cells" own components .  M is fo ld ing  can  
be  cons idered  as  a "s t ructura l  mutat ion"  that  p ropagates  
in the  ceil .  
A re  there  ev idences  that  p r ions  are  molecu lar  chap-  
c rones?  
F i r s t ,  mo lecu lar  chaperones ,  as  prote ins ,  can  be  dena-  
tu red ,  and  pr ions  lose  the i r  in fec t iv i ty  a f te r  denatura -  
t ion  [10], imp ly ing  that  the i r  te r t ia ry  s t ruc ture  is o f  im-  
por tance .  Second,  i f  p reens  are  mis fo lded  molecu lar  
chaperones ,  then  they  shou ld  ex is t  in two  d i f fe rent ly  
fo lded  fo rms.  Lopez  et  al .  [17] showed that  p r ions  syn-  
thes ized  in v i t ro  cou ld  adopt  two  topo log ica l  fo rms as  
a consequence  o f  a l t : . ' rnat ive fo ld ing .  Th i rd ly ,  p r ion  mo-  
lecu les  present  a zone  conta in ing  g iyc ine  repeats  [1,18]. 
G lyc ine  is a very  mob i le  amino  ac id ,  w i th  a l l  i ts  confor -  
mat ions  hav ing  about  the  same energy  [12]. Hence  these  
sequences  have  a low propens i ty  to  adopt  spontaneous-  
ly a de f in i te  secondary  s t ructure .  Ana lys i s  accord ing  to  
the  (3 ib ra t  et  al .  [19] method revea ls  that  a th i rd  o f  the  
prote in  is poor ly  s t ruc tured .  These  observat ions  suggest  
a necess i ty  o f  in teract ion  w i th  a fo ld ing  par tner  to  pro -  
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Fig.  I. S imu la t ion  o f  p r ion  d i seases  appearance  under  the  three speci-  
fic cases: (A )  sporad ic ,  (B) genet ic  aILd (C) infect ious.  Invas ion  b /  
p r ions  was  s imu la ted  by  ana lys ing  the behav ior  o f  each  newly  syn- 
thesized molecu le  wi th a computer  (see text). T ime is p ropor t iona l  to 
'.he number  o f  i terat ions .  In  B, the va lue  o f  P, is four - t imes  the one 
used in f igures A and  C. in  C,  misgu ided chaperones  (pr ions )  a re  added 
at  t ime=600 i te ra t ions  (ar row) .  For  each case. s imu la t ion  was  repeated  
5000 t imes  and  resul ts  wcrc  cumulated  to g ive  a k ind  o f  "probab i l i ty  
curve" that  g ives the  probab i l i ty  to  deve lop  the pr ion  disease.  
3. A MODEL FOR T I tE  S IMULAT ION OF  PR ION 
INVASION 
Accord ing  to  the  deduct ions  presented  above ,  a 
mode l  can  be  deve loped to  s imulate  pr ion  invas ion .  
Cons ider  the  number  uP,  of  p r ions  (mis fo lded  molecu-  
la r  chaperones)  a t  t ime t when a new molecu le  is synthe-  
s ized.  Th is  number  w i l l  depend on  the  number  o f  p r ions  
a t  t ime t - i  (nPr - i ) .  There  is a probab i l i ty  (very  low but  
not  zero)  o f  spontaneous  mis fo ld ing  ( i f  fo ld ing  is not  
per fo rmed on  the  chaperon ine)  te rmed Pi ( i t  is easy  to  
demonst ra te  that  P, is d i rec t ly  p ropor t iona l  to  P'~ o f  
eqn .  (1)) .  Otherwise ,  the  fo ld ing  wi l l  be  per fo rmed on  
a molecu lar  chaperone  and  the  probab i l i ty  o f  mis fo ld -  
ins  is (nP ,_ , / (nN, - i  ~ uP,-1)) ,  where  nNr - i  is the  number  
o f  cor rect ly  fo lded  molecu les .  The  e l iminat ion  o f  the  
pr ion ,  as  a phys io log ic  degradat ion  o f  p ro te in ,  cou ld  
a l so  be  ca lcu la ted .  S imulat ion  was  per fo rmed w i th  com-  
puter  by  i te ra t ion .  Numerous  s imulat ions  were  per -  
fo rmed in o rder  to  obta in  a probab i l i ty  o f  appearance  
as  a funct ion  o f  the  number  o f  i te ra t ions  (F ig .  1). The  
number  o f  i te ra t ions  is  p ropor t iona l  to  t ime.  F ig .  IA  
dep ic ts  the  sporad ic  appar i t ion  o f  p r ions  a f te r  a long  lag  
per iod .  C lear ly ,  accord ing  to  the  mode l ,  the  mutat ions  
observed  in degenerat ive  bra in  i l l nesses  favor  pr ion  d i s -  
eases  by  increas ing  Pi  (see sect ion  4 fo r  a d i scuss ion  o f  
th i s  po in t ) .  The  ca lcu la t ions  cor rect ly  s imu late  th i s  phe-  
nomenon (F ig .  1B). Inc reas ing  four - t imes  the  probab i l -  
i ty  P~ resu l ts  in  reduct ion  o f  the  invas ion  lag  per iod  o f  
about  0.33.  In fec t ion  is : :qu iva lent  to  a d i rec t  inc rease  
in uP.  The  resu l t s  o f  the  s imulat ion  presented  in F ig .  IC  
1.56 
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model  such  an  in fec t ion .  A f te r  in jec t ion  o f  nP (a r row)  
the  invas io t t  appears  very  rap id ly ,  w i thout  a lag per iod .  
C lear ly ,  speci f ic i ty  o f  p r ion  ~_iseases ( in fec t ious ,  spo-  
rad ic ,  fami l ia l )  a re  wel l  s imu la ted  by  the mode l .  
4. ANALYS IS  OF  PR ION D ISEASES 
Westaway et al.  [!] suggests  that  p r ion  d iseases  may 
fal l  in to  th ree  categor ies :  in fec t ious ,  fami l ia l  and  spora -  
d ic .  The  above  hypothes is  p rov ides  a ra t iona l  un i f ied  
exp lanat ion  for  al l  three .  
Inbred  s t ra ins  o f  mice  in wh ich  scrap ie  in fect ions  
have  shor t  (NZB)  and  long  ( l / Ln )  t ime-courses  hay :  :t 
d i s t inc t  p r ion  g~ne al lele [I,18]. The  amino  acid at 
codon t08  in the pr ion  sequence  is leuc ine  in the NZB 
s t ra in  and  pheny la lan ine  in the I / Ln  s t ra in .  Th is  change 
wou ld  decrease  the probab i l i ty  o f  a lpha-he l ix  fo rma-  
t ion ,  lower ing  P~,  two- fo ld  [19]. The  h igh ly  conserved  
codon at  pos i t ion  189 is changed f rom threon ine  in the 
NZB mice  to  va l ine  ;n the  l / Ln  s t ra in ,  resu l t ing  in a 
th ree- fo ld  inc rease  in the probab i l i ty  o f  beta -sheet  fol- 
d ing  in a reg ion  wh ich  is o therwise  l ike ly  to coi l  [I 9]. 
4.1. Infectious disease 
I n  o rder  to  exp la in  the  in fec t ion ,  one  necessary  cond i -  
t ion  is that  p r ions  a re  s tab le  enough to  be taken  in to  the  
organ ism,  essent ia l l y  undamaged,  to  become a chape-  
rone .  The  s tab i l i ty  o f  p r ions  favors  th is  hypothes is  [1]. 
A l l  the  exper imenta l  ev idence  fo r  the  in fec t ious  proper ;  
t ies  o f  p r ions  obta ined  to  date  has  been  f rom d i rec t  
in jec t ion  o f  p ro te in  preparat ion  [1,6]. They  v:ill be  used  
as  mo lecu lar '  chaperones  for  the fo ld ing  o f  , tewly -syn-  
thes ized  pr ion  prote ins .  The  mis fo ld ing  o f  the pr ior i  
resu l t s  in the propagat ion  o f  the  er ror ,  p roduc ing  in -  
c reas ing  numbers  o f  mis fo lded  prote ins  wh ich ,  because  
o f  the i r  s ingu lar  s tab i l i ty ,  wi l l  not  be  degraded by  in-  
t race l lu la r  I J roteases.  However ,  in  regenerat ing  t issues,  
mis fo lded  prote in  wi l l  be  d i lu ted  out  f rom d iv id ing  cel ls  
and  e l iminated  by  cel l  death .  Consequent ly ,  mis fo lded  
molecu lar  chaperonez  wi l l  occur  in la rge  quant i ty  on ly  
in  non-d iv id ing  cel ls.  Th is  observat ion  exp la ins  the  
bra in  loca l i za t ion  o f  p r ion  d iseases.  Fur thermore ,  i f  the  
pr ion  molecu le  is re la ted  to  a mo lecu le  that  is impor tant  
fo r  the  phys io logy  o f  the cel l ,  there  must  be  a f edback  
regu la tory  mechan ism.  A decrease  in  the number  o f  
cotTectly-foid,.-xl chaperone  molecu les  may well  lead to  
an  increased  synthes is ,  g iv ing  r ise to  sti l l  more  mis fo l -  
ded  molecu les .  The  converse  is a l so  t rue ,  i.e. in jec t ion  
o f  cor rec t ly  fo lded  molecu lar  chaperone  shou ld  par -  
t ia l ly  reverse  the effect o f  the  pr ion .  Th is  o tmns  the way  
to  t reat ing  these  d iseases .  
4.2. Sporadic apparition 
Th is  concept  o f  pr ion  diseases  has  o ther  imp l i ca t ions .  
A mis fo lded  prote in  that  ar ises  acc identa l ly  cou ld  in i -  
t ia te  cel l  invas ion .  Such  acc identa l  mis fo ld ings  are  more  
l ike ly  w i th  age,  lead ing  to inc reased  probab i l i ty  o f  d is -  
ease w i th  age in a h i ther to  hea l thy  person  (see s imula -  
t ion  F ig .  IA ) ,  as  in human bra in  degenerat ive  d iseases .  
4.3. Explanation o f  the genetic transmission o f  the 
disease 
The acc identa l  mis fo id ing  cou ld  be  due  to  a mutat ion  
increas ing  the probab i l i ty  o f  spontaneous  mis fo ld ing  
and  g iv ing  rise to  inher i ted  d i seases  where  i l lness ap-  
pears  more  f requent ly  in  younger  peop le  (see F ig .  ! B). 
S imi la r ly ,  the  recent  onset  o f  BSE  cou ld  be  due  to  gene-  
t ic se lec t ion  as  wel l  as d i rec t  in fec t ion .  
5. CONCLUSION 
St ructura l  in fo rmat ion  can  be t ransmi t ted  by  prote in .  
Th is  concept  o f fers  a good  f rame to exp la in  e t io logy  o f  
b ra in  degenerat ive  d iseases  caused  by  v r ions .  Fur ther -  
more  it suggests  a t reatment  for  these i l lnesses.  
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